A large pedigree showing a history of pyridoxine responsive X linked sideroblastic anaemia was screened with several polymorphic DNA markers from the X chromosome. Linkage analysis between each marker and disease status was performed, giving a maximum two point lod score of 3-64 at zero recombination with the microsatellite marker PGKlP1 at Xqll.2-12. Close linkage to PGK at Xql3.3, one of the candidate regions for X linked sideroblastic anaemia, was excluded. Linkage to DNA markers distal to PGK and at Xp2l was also excluded. Multipoint linkage analysis was performed with markers located between Xqll.2-21. The maximum map specific lod score obtained was 3x56 at PGKIPI (Xqll.2-12). Linkage remained significant over the interval 20 cM proximal to PGKlP1 and 5 cM distal to
PGK1P1, with definite exclusion around
the PGK locus. The most likely location of the gene involved in sideroblastic anaemia in this pedigree is therefore within the pericentromeric region of the X chromosome. This region includes the erythroid 5-aminolaevulinate synthetase gene of the haem synthesis pathway, which is a candidate gene for X linked sideroblastic anaemia located at Xpll. 21. (J Med Genet 1995;32:389-392)
The sideroblastic anaemias are either inherited or acquired. The inherited form generally follows an X linked recessive pattern although some cases of autosomal inheritance have been documented.' X linked hereditary sideroblastic anaemia is a rare disorder, manifesting mainly in males, usually in childhood or adolescence. Carrier females may be affected but usually show mild or no anaemia. The mode of inheritance in the pedigree investigated in this study is X linked recessive. 2 The person affected with X linked hereditary sideroblastic anaemia often presents with a dimorphic, hypochromic, microcytic anaemia. The serum iron is usually raised, the total iron binding capacity is saturated, and the serum ferritin may also be slightly raised. In the bone marrow 10 to 40% of erythroblasts contain stainable iron granules arranged in a ring around the nucleus, the erythroblast mitochondrion being loaded with iron. Ringed sideroblasts are the diagnostic feature of the sideroblastic anaemias. Hereditary sideroblastic anaemia is not generally life threatening; death from the condition is rare but can result from haemochromatosis owing to excess iron deposition in the tissues and organs. 3 Microcytic hypochromic anaemia is generally associated with iron deficiency, but in hereditary sideroblastic anaemia iron deficiency is clearly not the cause; the patient is iron overloaded. The defect appears to be in iron utilisation, most probably in the synthesis of haem. Haem is synthesised in the mitochondria, so that a failure to utilise iron could cause the observed accumulation of iron in the mitochondria. The first enzyme ofthe erythroid haem synthesis pathway, 5-aminolaevulinate synthetase, is located on the X chromosome and is therefore a candidate gene for X linked sideroblastic anaemia. Astrin and Bishop4 isolated an aminolaevulinic acid synthetase, ALAS-2, that is only expressed in erythroid cells and assigned the gene involved to the X chromosome. The gene has since been mapped to Xp11.2156 and characteristics of the gene and protein have been described. 7 A number of patients with X linked sideroblastic anaemia, including affected members of the pedigree investigated in this study, have shown some response to treatment with pyridoxine, vitamin B6. Pyridoxal phosphate is derived from pyridoxine and is a co-enzyme for ALAS-2. Cotter et al have described a sequence variant in exon 9 of the ALAS-2 gene in a single male with pyridoxine responsive X linked sideroblastic anaemia. Exon 9 is thought to code for part of the pyridoxal phosphate binding site. A single T to A base change in codon 471 resulting in an isoleucine to asparagine substitution was observed. 8 Cox et al9 have since described a sequence variant in exon 8 of ALAS-2 in two affected males and one female carrier of a pedigree with pyridoxine responsive X linked sideroblastic anaemia. Exon 8 is also believed to code for part ofthe pyridoxal phosphate binding site. A single C to G base change in codon 388 was observed resulting in a threonine to serine substitution.9
However, hereditary sideroblastic anaemia appears to be genetically heterogeneous as linkage to other regions of the X chromosome has also been reported. Pagon et all' described a pedigree in which hereditary sideroblastic anaemia and the non-progressive spinocerebellar syndrome, ataxia, were co-segregating in an X linked recessive fashion. Linkage to phosphoglycerate kinase at Xq 13 (maximum lod score of 2-6 at a recombination fraction of zero) has since been reported in the pedigree." The microsatellite in intron 7 anaemia was taken to be 1/10 000 with a mutation rate of 1 x 106. Complete penetrance was assumed for males; the penetrance in heterozygotes was given as zero, as no attempt was made to ascertain carrier status from clinical data.
For multipoint linkage analysis, the same parameter values were used and lod scores were calculated with the sideroblastic anaemia locus moved between the loci PGKlPl, DXS453, PGK combined, and DXS456 using LINK-MAP (version 5-10). The recombination fractions between PGKlPl-DXS453, DXS453-PGK, and PGK-DXS456 were estimated from published data. The distance between PGK1P1 and PGK was estimated to be 7 cM, and PGK1P1 is thought to be proximal to DXS453, although this is not finally confirmed.'42227 For the purpose of multipoint linkage analysis, PGK1P1 and DXS453 were placed 5 cM apart and PGK was placed 2 cM from DXS453. However, moving DXS453 within the 7 cM interval assumed between PGKlPl and PGK did not significantly affect the results. DXS456 was placed 10 cM from PGK. Discussion Pedigree member I-2 was an obligate carrier of HSA as she had an affected son. It is possible to infer unambiguously the haplotypes in I 1 and I-2 for PGK combined (fig 2) . The two obligate carrier daughters, II1 and II-3, have inherited different maternal alleles at the PGK combined locus. The alleles were also different for the DXS456 and DXS424 loci (not shown). There has clearly been a recombination event between the disease locus and these loci in at least one of the daughters. For the PGKlP1 and DXS453 loci, only one of the haplotypes in I-2 can be inferred, because it is inherited by all the branches of the family with affected members that have been analysed. It is also present in all the affected males, and absent from the unaffected males. This suggests that this chromosomal region could be implicated in the aetiology of the disease.
Results
Two point linkage analysis of hereditary sideroblastic anaemia versus marker was performed (table 2) . The microsatellites at PGK1P1, DXS453, and markers at PGK provided information around Xql3. The maximum two point lod scores were 3-64 at zero recombination with microsatellite PGKlP1 (located at Xql1.2-12) and 3-51 at zero recombination with microsatellite DXS453, assigned to the same region. The slight difference in the lod scores is because of differences in assumed allele frequencies as both markers were fully informative. Linkage was excluded with the markers located at PGK (Xql3. 
